Abstract: We present the design, fabrication, and the characterization of a high-qualityfactor (Q) and high-sensitivity photonic crystal (PhC) cavity sensor on the silicon-on-insulator platform. By optimizing the structure of the PhC cavity, most of the light can be distributed in the lower index region; thus, the sensitivity can be dramatically improved. The transmission spectrum of the PhC cavity sensor is measured by immersing the device into a sodium chloride (NaCl) solution of different mass concentrations. A Q factor of 1:3 Â 10 4 and a very high sensitivity of 428 nm/RIU have been experimentally demonstrated. Furthermore, the total size for the sensing part of the PhC cavity sensor is only 14:5 Â 0:75 m 2 .
Introduction
Over the past several years, optical biosensors have been widely investigated for lab-on-achip applications [1] - [4] . Many micro-photonic devices, such as ring resonators [5] - [7] , MachZehnder interferometers [8] , surface plasmons resonators [9] , and photonic crystal (PhC) cavities [10] , [11] have been utilized to realize optical sensors. Among them, PhC cavity sensors have many advantages for lab-on-a-chip applications owing to the small footprints, high Q factor, and no limitation of free spectral range (FSR) [12] , [13] .
For the utilization as sensors, PhC cavities with strong light matter interaction between the optical fields and the analytes are preferred. However, there is a trade-off between sensitivity (S) and quality factor (Q): The optical mode should be distributed more into the target analytes to achieve a higher S, whereas, in order to obtain a high Q, the confinement of the optical mode in the wave-guiding medium has to be large [14] . For the conventional PhC cavities [15] , [16] , the optical mode is strongly confined in the high refractive index material region. Thus, the sensitivity for such PhC cavities is small [17] , [18] , due to the weak light matter interaction between the optical fields and the analytes.
To improve the sensitivity, several designs have been proposed. Low index-contrast polymeric PhC nanobeam cavity with the sensitivity of 386 nm/RIU has been demonstrated [19] . However, the number of the mirrors should be very large to achieve the high Q factor, and thus, the footprint of the device is around 110 Â 3:2 m 2 . Slotted PhC cavity sensors are designed to enhance the confinement of the optical field in the lower-index region [20] - [23] , while the Q factor of these designs is very sensitive to the fabrication errors. Another way to enhance the light matter interaction is to use the lower-index-mode PhC cavities [24] . However, the air-mode PhC cavity with high sensitivity (shown in [14] ) should be suspended, which is more difficult to fabricate than the cavities that are not suspended.
In this paper, a high Q factor and high sensitivity PhC cavity sensor has been designed, fabricated and characterized on the SOI platform. By tapering the width of the PhC cavity region, the optical field of the PhC cavity sensor distributed in the lower-index region has been increased dramatically. Thus, the light matter interaction between the optical mode and the analytes can be enhanced. The sensitivity of 428 nm/RIU for the PhC cavity has been experimentally demonstrated by measuring the transmission spectrum of the PhC cavity sensor immerged into NaCl solutions with different mass concentrations, while the Q factor is kept more than 1:3 Â 10 4 . The figure of merit ðFOM ¼ SQ= ¼ 3590Þ is two orders of magnitude greater than surface plasmon resonance based sensors (typically 8-23 [9] ). The total sensing part of the PhC cavity sensor is only14:5 Â 0:75 m 2 , making the proposed high Q factor and high sensitivity PhC cavity sensor attractive for the realization of on-chip sensor arrays [25] . Furthermore, the proposed PhC cavity is a non-suspended one, the structure can be less thermally sensitive and with high mechanical stability, and the fabrication processes can be much easier.
Structure and Design
In this paper, we proposed a PhC cavity sensor with high sensitivity. The schematics of the present PhC cavity sensor is given in Fig. 1(a) . The PhC cavity sensor is made up of a periodic array of dielectric stacks. To create the mode gap effect, the widths of the dielectric stacks are quadratically modulated from W y ð0Þ in the center to W y ði max Þ on the both sides (W y ðiÞ ¼ W y ð0Þ þ i 2 ðW y ði max Þ À W y ð0ÞÞ=i finite-difference-time-domain (3D-FDTD) approach is utilized for simulation (Lumerical solutions, Inc.) [26] . The electric field distribution of PhC cavity sensor is shown in Fig. 1(b) . Fig. 1(c) shows the cross-section view of the electric field distribution taken at the center of the PhC cavity. From Fig. 1 (b) and (c), we can find that most of the electric field of the resonant mode is distributed outside the dielectric stacks. The band diagram simulated by using 3D-FDTD method with Bloch boundary conditions of the PhC cavity sensor with width W y ð0Þ ¼ 500 nm (width of the center stack) and W y ði max Þ ¼ 750 nm (width of the edge stack) is given in Fig. 1(d) . Fig. 1(e) shows the zoom-in view of the framed part in Fig. 1(a) .
A Silicon-On-Insulator (SOI) platform with a 220 nm thick Si device layer and a 2 m thick silica insulation layer is used in our work. The refractive index of the silicon core and the silica buffer layer are 3.46 and 1.44, respectively. To keep the resonant wavelength of the PhC cavity near 1550 nm, the period is chosen to be a = 430 nm. The effective mode volume of the PhC cavity is calculated to be 1.
To further optimize the high Q factor and high sensitivity PhC cavity sensor, we have investigated the influence of W x and W y ð0Þ on the Q factor and sensitivity [shown in Fig. 1(a) and (b) ]. We find that high sensitivity sensors are obtained when the width of W x and W y ð0Þ of the PhC cavities is small. This can be easily understood since for the PhC cavities with smaller W x or W y ð0Þ, the confinement of the resonant optical mode in the dielectric stacks is weaker. Thus, more electric field will penetrate into the lower-index region, and the light matter interaction between the optical mode and the target analytes is enhanced. However, a high Q factor should be maintained. From Fig. 1(a) , we can find that the highest Q factor is given when W x ¼ 0:5a. If we continue to reduce the width of W x , the Q factor drops quickly. This is because if W x is too narrow, the optical mode in the PhC cavity can not be well confined, and the Q will decrease. The relationship between the Q factor and the width of W y ð0Þ is shown in Fig. 1(b) . The Q factor of the PhC cavity rises rapidly with the increase of W y ð0Þ, when W y ð0Þ is smaller than 500 nm, and then stays at high values. This is understandable because 500 nm for W y ð0Þ is large enough for the PhC cavity to support the well confined resonant optical mode. Considering the tradeoff between the Q factor and the sensitivity, the width of W x and W y ð0Þ are set to be 0.5a and 500 nm respectively. Compared to the structure shown in [18] , the minimum structure size is much larger, making the fabrication much easier. Furthermore, the sensitivity is much larger.
For PhC cavity, the Q factor also depends on the number of the Gaussian mirrors (NG). Thus, the influence of NG on the Q factor and sensitivity has been studied [see Fig. 2(c) ]. From this figure, we can find that the Q factor of the PhC cavity increases exponentially as the increasing of NG, while the sensitivity keeps almost unchanged. The transmittance will decrease when NG increase. And when NG is 17 on each side, the Q factor of the PhC cavity is more than 2:0 Â 10 5 , which is high enough for the sensing application.
From the above analysis, the parameters of the PhC cavity sensor are chosen to be: a ¼ 430 nm, W x ¼ 215 nm, W y ð0Þ ¼ 500 nm, W y ð17Þ ¼ 750 nm, and NG ¼ 17 on each side. The confinement factor of the resonant optical mode distributed outside the dielectric stacks is calculated to be 63%, which means that the light matter interaction between the optical field and the target analytes is very strong. Therefore, a high sensitivity can be obtained by the proposed PhC cavity sensor. The wavelength shift of the PhC cavity that varies with the background indices is shown in Fig. 2(d) . The simulated sensitivity of the proposed sensor is 435 nm/RIU, and the Q factor maintains larger than 2:0 Â 10 5 over a large range of background refractive index.
Fabrication and Measurement
We fabricate the proposed PhC cavity sensor on the SOI platform with the top silicon layer of 220 nm and buried silica layer of 2 um. The SOI wafer is spin-coated with 310 nm positive tone e-beam resist (PMMA 950K) and baked on a hot plate at 180 C for 20 minutes. E-beam lithography (Raith150 II) is used to define the patterns at the acceleration voltage of 20 KV. The device patterns are then developed in a MIBK: IPA (1:3) mixture and transferred onto the silicon layer by inductively coupled plasma reactive-ion-etching (ICP-RIE) with a gas mixture of SF 6 and C 4 F 8 . The residual resist is removed by acetone in ultrasonic cleaner for 20 minutes and then rinsed in de-ionized (DI) water. In order to measure the transmission spectrum of the PhC cavity sensor, grating couplers with the period of 630 nm and the duty cycle of 50:50 were fabricated on both the input and output waveguides by another overlay exposure followed by a shallow etching (70 nm). The microscope image of the fabricated device with the grating couplers is shown in Fig. 3(a) . Fig. 3(b) and (c) shows the scanning electric microscopy (SEM) of the grating coupler and the zoomed in view of the PhC cavity sensor, respectively.
To characterize the fabricated PhC cavity sensor, tunable laser (Agilent 81600B) with a wavelength ranging from 1520 to 1610 nm is used as the light source. The polarization of the light output from the tunable laser is adjusted by the polarization controller. The TE-like mode is coupled input and output the PhC cavity sensor by the grating couplers from the optical fibers, and the response of the device at the output port is detected by the power meter (Agilent 81635).
The measured transmission spectrum when the PhC cavity sensor is immerged into NaCl solutions with different mass concentrations is shown in Fig. 4(a) . The refractive index varies 0.0018 refractive index unit (RIU) when the mass concentration of the NaCl solution changes 1% [27] . The concentrations of the NaCl solutions we used in the measurement vary from 0% to 25% by the step of 5%; therefore, the refractive indices of the NaCl solutions are 1.333, 1.342, 1.351, 1.36, 1.369, and 1.378, respectively. Fig. 4(b) shows the transmission spectrum of the PhC cavity sensor immerged into 25% NaCl solution. The full width at half maximum (FWHM) for the Lorentz fit of the measured result is about 121 pm, which indicates a high Q factor of 1:3 Â 10 4 . The degradation of measured Q-factor compared to the simulated value may come from fabrication errors, absorption loss and scatterings due to impurities in the analytes. Further improvement of Q-factor may be achieved by optimizing the fabrication processes. The measured wavelength shift of the PhC cavity sensor with different background refractive indices is shown in Fig. 4(c) . We find that the resonant wavelengths of PhC cavity sensor linearly vary with the increase of the refractive index. The red shift of measured resonant wavelengths for the PhC cavity sensor compared to the calculated ones comes from the widening of the silicon stacks. According to the fitting curve shown in Fig. 4(c) , the sensitivity is calculated to be 428 nm/RIU, which shows quite good agreement with the simulation of 435 nm/RIU. Fig. 4(d) presents the measured Q factors of the PhC cavity sensor with different refractive indices. The NaCl solution with higher refractive index matches better with the silica layer, and therefore, the Q factor becomes higher as the increase of the refractive index.
Conclusion
In this paper, we demonstrated a PhC cavity sensor with high Q factor and high sensitivity. By reducing the width of the dielectric stacks, the sensitivity of the PhC cavity sensor can be greatly increased. A high Q factor of 1:3 Â 10 4 has been experimentally demonstrated. The sensitivity of the PhC cavity sensor is measured by immerging the device into NaCl solutions with different mass concentration, and the sensitivity is about 428 nm/RIU, which agrees well with the simulated result. The figure of merit is around 3590. Furthermore, the total sensing part of the PhC cavity sensor is only 14:5 Â 0:75 m 2 . Considering the high Q factor, high sensitivity, small size and easy fabrication, the proposed PhC cavity sensor can be used to realize the on-chip sensor arrays. 
